DNA cytosine methylation represents an intrinsic modification signal of the genome that plays important roles in heritable gene silencing, heterochromatin formation and certain transgenerational epigenetic inheritance. In contrast to the process of DNA methylation that is catalyzed by specific classes of methyltransferases, molecular players underlying active DNA demethylation have long been elusive. Emerging biochemical and functional evidence suggests that active DNA demethylation in vertebrates can be mediated through DNA excision repair enzymes, similar to the well-known repair-based DNA demethylation mechanism in Arabidopsis. As key regulators, non-enzymatic Gadd45 proteins function to recruit enzymatic machineries and promote coupling of deamination, base and nucleotide-excision repair in the process of DNA demethylation. In this article, we review recent findings and discuss functional and evolutionary implications of such mechanisms underlying active DNA demethylation.
Introduction
Addition of a methyl moiety to the 5 th position of DNA cytosine base (5-methycytosine) is an evolutionarily conserved feature of most vertebrate and plant genomes. 1,2 Such DNA methylation yields a fifth coding element for the genome, and plays diverse roles in modulation and expression of the associated genomic information. In mammals, DNA methylation occurs predominantly at CpG dinucleotides, and underlies a variety of transcriptional regulatory phenomena, including imprinting, X-chromosome inactivation, transgenerational epigenetic inheritance and stable silencing of gene activity or parasitic genetic elements (Fig. 1 ). [3] [4] [5] Long known to occupy silenced genomic regions, DNA methylation is also recently found to be present in actively transcribed gene bodies, where it might play a role in suppressing cryptic transcriptional initiation from interior of genes. [6] [7] [8] A conserved family of DNA methyltransferases (DNMT) has been identified to catalyze DNA methylation, which consequently prevents binding of transcription factors or recruits gene silencing complex to ensure local suppressive chromatin environment. 5, 9 DNMTs are essential for normal development, and DNA methylation has also been implicated in numerous diseases including cancer. [10] [11] [12] Due to the symmetric nature of CpG and maintenance methyltransferases, specific patterns of DNA methylation can be inherited during DNA replication of cell cycle. The silencing effect of DNA methylation at specific genomic loci, therefore, is believed to provide an ideal substrate for long-term propagation of gene activity states. 5, 13 Such an epigenetic role of DNA methylation has gained substantial experimental evidence, and indicates that DNA methylation is not readily reversible in most circumstances. 4, [14] [15] [16] During embryonic development and in adult somatic cells, however, DNA methylation undergoes dynamic patterns of erasure and re-establishment. 17, 18 Indeed, DNA demethylation can occur through either passive mode during DNA replication, or even independently of cell cycle in many types of post-mitotic cells. Although not immediately predicted from its epigenetic function, the reversibility of DNA methylation would potentially provide long-lasting modulation of specific patterns of gene expression in response to developmental stage signals, physiological cues and environmental stimuli.
Active DNA Demethylation in Diverse Biological Systems
In mammals, specific methylation patterns of DNA in somatic cells and germ-line are set up during early development (Fig. 1C) . Soon after fertilization, the paternal genome of the zygote undergoes global DNA demethylation including CpG sites from many intergenic regions and single-copy genes, except most imprinted loci. [19] [20] [21] The short time-window (6-8 hours after fertilization) and its DNA replicationindependent nature strongly suggest an active mechanism in place. In contrast, the maternal genome undergoes gradual cell cycle-dependent demethylation during the cleavage stage. The genome-wide demethylation has been observed in most mammalian species including humans, and to a less extent, also occurs during epigenetic reprogramming of somatic cell nuclei. [22] [23] [24] Soon after implantation of the blastocyst, DNA methyltransferases are deployed to re-establish cell type-specific patterns of methylation in both somatic and germ-line cells. 5, 9, 17, 25 Subsequently around embryonic stage E12 in mice, primordial germ cells (PGCs) undergo genome-wide erasure of DNA methylation from many genomic CpG sites, including those from imprinted genes to set the stage for parent-of-origin specific formation of imprints and generation of totipotent zygotes. 26, 27 Similar to the paternal genome demethylation in zygotes, such DNA demethylation occurring in PGCs has been shown to be an active process. 26, 28 Analysis of associated changes in the chromatin demonstrates that DNA demethylation in PGCs is strongly correlated with, and likely precedes extensive histone modification and exchange that is facilitated by histone chaperone protein HIRA and NAP-1. It was proposed that such extensive chromatin modification may reflect a causal consequence of compromised DNA integrity during active DNA demethylation through DNA repair. 28 Active DNA demethylation appears to occur in somatic cells as well. Once methylation patterns are established, maintenance DNA methyltransferase, mainly DNMT1, function to preserve such patterns during somatic cell division. 25 During somatic cell differentiation, most germline-specific genes are repressed by DNA methylation, while a further wave of DNA demethylation is invoked to permit expression of many tissue-specific genes, involving both passive and active mechanisms of DNA demethylation, through inhibition of DNMTs and DNA repair pathway, respectively. [29] [30] [31] In fully differentiated somatic cells, active DNA demethylation has been shown to occur in T lymphocytes in response to cytokine or antibody treatment. [32] [33] [34] In neurons, DNA methylation status of certain plasticity-related genes becomes dynamically regulated after animal behavioral experience or in response to electric activity stimuli. [35] [36] [37] [38] [39] [40] Distinct to global demethylation in early embryo and PGCs, demethylation in mature somatic cells appears to be highly region-specific. [35] [36] [37] [38] [39] [40] In Search for Mechanisms Underlying Active DNA Demethylation While accumulative evidence supports the existence of active DNA demethylation in mammals, searching for the DNA "demethylase" or any defined biochemical mechanisms seems to be a much more challenging task. Over the past three decades, some candidate "demethylases" have been proposed, yet few of them have yielded convincing evidence to fulfill a bona fide enzyme that can directly remove 5-methyl group off the cytosine base. Instead, the still viable mechanism to date appears to use a DNA repair-like process to remove the 5-methycytosine-containing base or a stretch of nucleotides rather than the methyl group directly ( Fig. 2A) . 17, 41 Intriguingly, this mechanism shares similarities to the well-characterized demethylation pathway in the experimental model plant Arabidopsis. 42, 43 The earliest effort towards identifying a mammalian demethylase used nuclear extracts of murine erythroleukemia cells that evidently removed tritiated methyl signals from DNA. 44 The active component in this nuclear extract was protease-sensitive, though its molecular identity was not characterized and might be explained by later studies as DNA glycosylases. 45 From lysates of chick embryos, Jost and colleagues purified a 5-methylcytosine DNA glycosylase activity, and further identified thymine DNA glycosylase (TDG) as the active component. 46 The activity of 5-methylcytosine glycosylase might be highly regulated in vivo, since the efficiency and specific activity of TDG on the methylated CpG substrate in vitro Molecular mechanisms of active DNA demethylation Figure 1 . Overview of DNA methylation and demethylation processes. DNA methylation occurs predominantly at cytosines of CpG dinucleotides in mammalian genomes (A). Such methylation is catalyzed by DNA methyltransferases (DNMT) and can be reversed by DNA repair-related "demethylase" (DME) (B). DNA methylation silences genomic activity through either preventing binding of transcription factors or recruiting methyl-CpG binding proteins (MBDs) and associated repressive complexes. During early embryonic development, the paternal genome is globally demethylated in the zygote (red line) and the maternal genome is passively demethylated during cleavage divisions (green line), followed by de novo DNA methylation in the diploid genome after implantation (C). In primordial germ cells (PGCs), another round of global DNA demethylation takes place (yellow line) while somatic cells mostly maintain their methylation patterns during embryonic development. Certain adult somatic cells may undergo further dynamic changes of DNA methylation in response to physiological stimuli (black line).
unmethylated. 52 Since NER is preferably initiated by distortion of the DNA double-helical structure, or in the transcription-coupled repair by an arrested RNA polymerase, it remains to be determined how NER is initiated in the actively demethylated genomic regions. Notably, Gadd45 and XPG have also been implicated in base excision repair (BER), thus such demethylation process might be equally explained by BER-related mechanisms as elaborated below. [54] [55] [56] Similar to NER during the nucleotide fill-in step, BER has been shown to excise methylated cytosine through distinct mechanisms. 5-methylcytosine glycosylase studied by Jost et al. would provide a direct means for removing the whole 5-methylcytosine base by breaking the β-N glycosidic bond to create an apurinic/ apyrimidinic (AP) site and excision of AP mononucleotide by endonucleases, which is followed by fill-in of unmethylated nucleotides through DNA polymerase and ligases (Fig. 2B) . 45 Alternatively, a cytidine deaminase would convert the 5-methylcytosine into a thymine, followed by glycosylase removal and replacement of unmethylated nucleotides. Metivier and colleagues provided evidence supporting such mechanism in cell lines and in vitro. 57 Surprisingly, the enzyme responsible for DNA methylation itself, DNMT3, appears to possess deaminase activity in the absence of its methyltransferase substrate S-adenosyl methionine (SAM). While it remains to be shown whether SAM concentration would ever reach an optimal local concentration for deamination is insufficient to account for active DNA demethylation in vivo. 47 The mammalian genome encodes a variety of DNA glycosylases, most of which are involved in DNA repair and might also function redundantly. 47 In addition to TDG, methyl-CpG binding protein 4 (MBD4) has been examined to exhibit low levels of glycosylase activity on 5-methylcytosine. 48 Furthermore, mechanisms have been proposed based on a ribozyme-like RNA-protein complex, or MBD2 that directly removed the methyl group from the pyrimidine ring of 5-methylcytosine. 49, 50 Such findings, however, remain to be reproduced. 15, 51 More recently, a series of studies have provided strong evidence supporting the DNA repair-like process for active DNA demethylation. In an expression cloning screen for genes that activate methylated reporter plasmids, Barreto and colleagues identified Gadd45a as a non-enzymatic factor that promotes active DNA demethylation, seemingly in a global fashion in cultured cells. 52 The mechanism might be mediated by nucleotide excision repair (NER) since Gadd45a interacts with the NER endonuclease XPG, and the demethylation appears to require transcription-coupled NER. Though the study was challenged, 53 the discrepancy could be explained by different experimental conditions (Ma et al., unpublished observation). In the proposed mechanism, 5-methylcytosine containing nucleotides are recognized and removed through Gadd45-XPG complex, and the resulting gap in DNA is filled by DNA polymerase δ/ε and ligase with resulting CpGs A schematic illustration of DNA base structures indicates the DNA methylation cycle, each step of which is catalyzed by specific classes of enzymes in the proposed BER model (B). 5-methylcytosine initially formed by DNA methyltransferases might be directly removed by DNA glycosylases or indirectly by thymine glycosylase after being converted by cytidine deaminases. Abasic sites are then filled-in through DNA polymerases and ligases. Gadd45 proteins promote the coupling of deamination, glycosylation and fill-in repair resulted from both base and nucleotide excisions. In addition, it may also play a more general role in gating or recruiting DNA demethylation machineries to specific genomic loci.
and loss-of-function evidence. 52, 56 Gadd45 proteins can also oligomerize, thus may facilitate the coupling of multiple enzymatic steps required for excision repair-based DNA demethylation. 65 In addition, its known interaction with acetylated histones at high affinity might function to sequester the nucleosomal histone away from its target genomic regions, allowing enhanced gene accessibility to demethylation complexes. 66, 67 Interestingly, Gadd45 proteins share a stretch of 10-amino-acid identity with the histone chaperone nucleophosmin, suggesting a similar role of Gadd45 in chromatin decondensation. 66 Recent studies have showed remarkable target specificity of Gadd45b-mediated demethylation in vivo. 35 One likely mechanism is through binding of Gadd45 to sequence-specific transcription factors. It is known that Gadd45 proteins directly interact with many nuclear hormone receptors, including RXRα, RARα, ERα, PPARα, PPARβ and PPARγ2. 68 Another plausible mechanism is through its avid binding to nucleic acids. Gadd45 belongs to ribosomal protein L7Ae/L30e/S12e/Gadd45 superfamily and presumably binds to RNA or DNA directly. Interestingly, a recent study has shown that active ribosomal DNA demethylation is mediated by Gadd45a, raising the possibility that local transcribed RNA may recruit Gadd45 and associated complex for regionspecific DNA demethylation. 74 Given their inducible nature and their low expression levels in most basal conditions, Gadd45 proteins might play a key role in linking external stimuli to epigenetic DNA demethylation and subsequent adaptive gene expression. The abundance of Gadd45 proteins in vivo is generally low, and induced Gadd45 proteins may be ideally suited to serve as rate-limiting factors for triggering the activation of DNA demethylation pathway. Consistently, DNA methylation patterns in both Gadd45a and Gadd45b null mice are reported to be largely indistinguishable. 35, 69 Only stimuli-dependent, region-specific demethylation is impaired in the Gadd45 null mice. The Gadd45 family proteins are multi-functional in different cellular processes, and appear to have also evolved a novel function in epigenetic control of gene expression in response to developmental, physiological and environmental stimuli.
Perspectives
Emerging evidence suggests that Gadd45-coupled DNA excision repair-like demethylation pathway is utilized to promote region-specific DNA demethylation. It remains unclear whether the DNA excision repair-like process is also involved in global DNA demethylation observed in early embryos, though such scenario would engender considerable compromise of DNA integrity. Zygotes and PGCs contain an unusually high DNA repair activity, indicating that a robust surveillance mechanism would be in place to ensure genomic integrity during repairmediated demethylation. 70 In addition, the AP endonuclease during the excision repair is inhibited by its product from the other strand to prevent DNA double strand break. 71 Intriguingly, the link between DNA methylation and repair is evolutionarily ancient. 72 In certain contexts, DNA demethylation might result from controlled DNA oxidation and repair during active gene transcription. 73 A "demethylase" that directly removes the methyl in vivo, such molecular Jekyll-and-Hyde aspects of DNMT3 would be appealing due to the economic molecular design, yet would require exceedingly exquisite regulation of its dual enzymatic activities under physiological conditions.
The emerging consensus of current biochemical and functional studies has pointed to DNA excision repair (NER or BER) as critical steps during active DNA demethylation (Fig. 2A) . Such mechanisms are apparently evolutionarily conserved since 5-methylcytosine glycosylases DME and ROS1 in Arabidopsis coupled with DNA repair protein complexes are characterized as bona fide "demethylases". 43 The exact molecular players involved in the mammalian pathway, however, seem to be more diverged. Both NER and BER may be involved, and depending on the context, the manifestation of DNA demethylation is likely dynamic and strand-specific during transcription. 35, 57 Although TDG and MBD4 can exhibit certain activities on 5-methylcytosine, no mammalian 5-methylcytosine specific glycosylases have been unequivocally identified. The deaminase in the first step of the pathway is also unlikely exclusive to DNMTs. Rai and colleagues demonstrate that in zebrafish embryo, a cytidine deaminase AID is coupled with DNA glycosylase TDG in directing active DNA demethylation. 58 Such coupling of the two enzymes is promoted by a non-enzymatic factor Gadd45, reminiscent of its role in facilitating DNA demethylation through NER (Fig. 2B ).
Gadd45 Family Proteins as Regulators for Active DNA Demethylation
Gadd45 family proteins were originally identified as stressinducible factors that play important roles in regulation of cell cycle arrest. 59 There are three members of this family (Gadd45a, b, g) that share high amino acid identity. Gadd45 proteins are small (~17 kD), highly acidic, and present in both cytoplasm and nucleus. A variety of proteins have been shown to interact with Gadd45, including p21, Cdc2, Histone 3/4, p38 MAPKs, Proliferating Cell Nuclear Antigen (PCNA), nuclear receptors, and a myriad of DNA repair proteins such as XPG and TDG. 60 The functional roles of Gadd45 proteins have been shown to promote DNA excision repair, cell cycle arrest, maintain genome stability and perpetuate immune stimuli in lymphocytes. [60] [61] [62] [63] Molecular functions of Gadd45a, b and g are similar, yet their expression patterns are distinct in different contexts. In the nervous system, Gadd45b is a neuronal activity-inducible immediate early gene whereas Gadd45a is preferably activated by injury signals. 35, 64 Recently, it has been shown that Gadd45b-induction was essential for region-specific, active DNA demethylation in mature neurons in response to electric activity stimuli. 35 Such transient stimuli evoked upregulation of certain neurotrophic factors and elicited long-lasting modulation of adult neurogenesis, providing genetic evidence in an animal model for a plausible biological function of active DNA demethylation in vivo.
How might Gadd45b promote active DNA demethylation? As discussed above, Gadd45 proteins strongly promote both BER and NER by direct coupling of deamination, glycosylation and fill-in repair machineries (Fig. 2B) . The effects of Gadd45 on excision repair pathway have been supported by both gain-of-function group from 5-methylcytosine at a genome-wide global level might still exist. Potential candidates include certain types of oxygenase, decarboxylase and hydroxylase, with fulfilling criteria that would be required to establish at both biochemical and genetic levels. Given the known interaction partners of Gadd45, it is likely that Gadd45 may also play a general role in gating or recruitment of demethylation machineries (Fig. 2B) .
The widespread presence of DNA methylation in almost all vertebrates and plants suggest its evolutionarily conserved roles in modulation of genomic activity. Many invertebrate eukaryotes, including budding yeasts and nematode worms, do not possess DNA methylation. Such facts may support the so-called Gilbert's conjecture that DNA methylation is not one of the primary, toplevel controls on gene expression or developmental program. 72 Instead, vertebrate DNA methylation in a region-specific manner may have evolved to enable extra levels of fail-safe locking and more long-lasting control of genomic activity, secondary to primary transcriptional repressor and small RNA-mediated initiation of gene silencing. DNA demethylation would further provide the corresponding key to reverse such silencing in eliciting long-term gene activation in appropriate developmental or physiological conditions. The evolutionary significance of global DNA demethylation observed in early developing embryos of most mammals remains obscure, though it would possibly serve to further sculpt paternal-specific imprinting loci and to restore totipotency for finer execution of a mammalian-specific genetic program to generate the diversity of cell types.
